Sound propagation of wind farms is typically simulated by the use of en-
the Danish method and the Swedish method for sound propagation. 15 The current paper chooses the PE method for far-field wind turbine noise predictions.
16
In general, the PE method is more accurate for complex wind and temperature profiles 17 than the ray-tracing method. In addition, the ray-tracing method uses a high-frequency 18 assumption so that it is not appropriate to predict the propagation of low-frequency noise 19 that is important for wind turbine noise. One disadvantage of the PE method is that it 20 requires a significant computation time for high frequency noise. The current paper limits 21 the frequency range up to 1kHz since higher frequency than 1kHz makes little contribution 22 to the overall sound pressure level at far-field due to large atmospheric absorption 23 attenuation.
1
The goals of the current paper are to further validate the PE model against measured 2 far-field noise data and to apply the PE model to realistic wind turbine noise propagation 3 conditions. In particular, the PE method uses CFD results as input to simulate sound 4 propagation under complex wind profiles and to investigate the detailed understanding of 5 the wake flows on sound propagation. In section II, the theory and mathematical model of 6 the PE method is described. In section III, the PE method is compared with analytic 7
solutions, benchmark problems, and far-field sound measurement. In section IV, a 8 CFD-based actuator disk model is used to provide mean shear flows that are used in the 9 PE method as input to predict the sound propagation of wind turbine noise within wake 10 flows. Finally, conclusions and suggestions for future work are discussed.
11

II. Numerical Methods
12
A. Parabolic Equation
13
The current paper uses the Crank-Nicholson PE (CNPE) method 11 to predict wind 14 turbine noise propagation. To better understand the new application and implementation
15
of the CNPE method into wind turbine noise propagation, brief mathematical formulations
16
for the CNPE are reviewed in this section.
17
With the axisymmetric approximation, the three-dimensional Helmholtz equation
18
becomes the two-dimensional Helmholtz equation:
where r denotes the propagation range variable, z the height variable, k the effective 20 wavenumber. The quantity q is related to the complex pressure amplitude, p, which is given as
This axisymmetric approximation is the approximation of far-field sound propagation.
2 Equation (1) can be reformulated into
where ∂ r ≡ ∂/∂r and
If we are interested in one-way sound propagation from sources to receptors, Eq. (3) is 7 reduced to the one-way propagation equation
The approximation of the square-root operator Eq. (4) by
yields the narrow-angle PE
where ψ is defined as
Lee et al, JASA, p. 6 yields the wide-angle PE
The current paper uses the wide-angle PE given in Eq. (12).
2
To solve Eq. (9) or (12), the numerical domain needs to be discretized. For example, 3 the vertical grid is uniformly discretized as follows
The application of the Crank-Nicholson approximation to Eq. (9) or (12) with the 5 second order finite difference scheme results in a matrix form
where
for the wide-angle PE where γ = α/(△z) 2 and α = 1 2 i/k a .
8
The tri-diagonal matrix T is given as
where the coefficients σ 1 and σ 2 depend on the ground impedance and τ 1 and τ 2 depend on 1 the boundary condition at the top boundary. Therefore, the T matrix includes the effect of 2 ground reflection and air impedance boundary condition at the top.
3
The diagonal matrix D is given as
. . .
where β = the flow resistivity. The limitation of this model was presented in the literature 8 .
5
If we use the linearized momentum equation
Eqs (18) and (19) with the second-order finite difference scheme provide the pressure
This equation gives the coefficients of σ 1 and σ 2 in Eq (16).
9
At the top surface at z = z M , the normalized impedance of air (Z = 1) is used. 
where S is a constant that is related to the source strength. For wind turbine noise 2 applications, this constant, S, is found from the sound power level. The method to obtain 3 the sound power level will be introduced in the next sub-section. The conversion is given as
Pa is the reference sound pressure and L W is the sound power level.
5
The detailed derivation of Eq. (23) can be found in the Appendix.
6
For the source above the ground,
is used, where z s is the source location and C is a reflection coefficient. The plane-wave 8 reflection coefficient for normal incidence is used
B. Noise Emission and Source Representation
10
In wind turbine noise prediction and measurment practice, the apparent sound power 11 level is often used to describe the noise source. In this approach, the measured sound 12 pressure level at a reference location in accordance with IEC 61400-11 13 is converted to the 13 sound power level of an imaginary point monopole source at the hub center. The
14
"apparent" emphasizes that it is not the true noise source but the power as "seen" in the 15 measured direction 24 . The conversion of the apparent sound power level from the sound
where L W is the apparent sound power level, L p,A is the background-corrected, A-weighted 2 sound pressure level at the reference location, R is the slant distance from the rotor centner 3 to the microphone, and S 0 is the reference area that is 1.0. A value of -6 is due to the 4 ground reflection effect. The apparent sound power level is given as one-third octave or 5 octave bands.
6
In the current PE method, this apparent sound power concept is used. The wind 7 turbine noise source is approximated as a single point monopole source at the hub height be written as,
where L p is the sound pressure level at the observer, L W is the sound power level at the 1 source, r is the propagation distance, f c is the central frequency of broadband spectra, α is 2 the atmospheric absorption coefficient, and △L is the relative sound pressure level. The propagation effects due to wind and temperature variations (long-term deterministic or 8 short-term stochastic variations).
9
III. Validation of the Parabolic Equation Method
10
To validate the PE method, comparisons are performed first with an analytic solution,
11
secondly with benchmark problems, and finally with far-field noise experimental data.
12
A. Analytic Solution
13
A point monopole source with PWL of 100 dB and a frequency of 125Hz is positioned 
B. Benchmark Problems 1
In order to verify the PE code for non-constant speed of sound profiles, the current 2 PE method is compared with benchmark problems for outdoor sound propagation models 1 .
3
The source and receiver heights are 5m and 1m, respectively. The frequency is 100Hz and generates pure tone sound was located either at 20m or 80m height on a meteorology mast.
5
The pure tone is narrow band and the tone frequencies are 125Hz, 250Hz, 500Hz, and The meteorology mast recorded the wind speed, wind direction, temperature at 10m, loudspeaker emits sound at 500Hz from 10:05 to 10:10, then the sound levels at 125Hz from 1 10:00-10:05 and from 10:10 to 10:15 are used to determine the background sound. At those 2 times the loudspeaker may emit a different pure tone, but this does not impact the 3 measured sound at 500Hz. This technique provides a very good signal-to-noise ratio even 4 at far distances. Figure 9 shows the speaker tonal sound variation at multiple microphone 5 locations. The tonal sound was generated by a 20m height speaker and the tone frequency 6 is 500Hz. It is shown that that the tonal sound is well captured even at far distances 7 compared to background noise. propagations at all frequencies. The wind shear exponent is added in the figure caption. 4 It is seen that the measurement shows an increase in the sound levels at further 5 distances in some cases in the downwind propagation. This is believed to be due to the understanding of the effect of the wake flows on wind turbine noise propagation is limited.
13
The PE code uses the RANS CFD results as input to compute sound propagation 14 with more detailed wind velocity profiles for wake flows. An actuator disk (AD) model 5;29 ,
15
which is an efficient tool to capture turbine wake flows, is implemented into ANSYS CFX.
16
The AD treats the forces on the blades as body forces acting on the fluids. The validity of The total mesh size is 9M nodes.
9
The atmospheric boundary layer is characterized by the friction velocity (U * ) and the 10 aerodynamic roughness length y 0 . where ρ is the flow density.
20
Turbulent kinetic energy and eddy viscosity ratio are important in terms of the 21 mixing of turbulent wake flows and the transition from near-wake to far-wake. The 
where C 1 and C 2 are the scaling constants. Four cases, designated as Day, Night, Large,
3
and Extreme according to their wind shear, are generated to test sound propagation, and 4 Table 1 shows the parameters for these cases that are determined from free shear CFD 5 runs. For all cases, the freestream velocity at the hub height is approximately the same. somewhat different from the conclusion of Heimann, et al. 12 that claims that wake flows 22 increase the noise levels at large distances. Note that the simulation of Heimann, et al.
12
is limited to 1km of distance and one wind shear condition. It appears that a large change 1 in the noise levels due to wake flows occur beyond 1.5km. It is also shown that the effect of distances. An experimental investigation should be conducted to find out the effect of wake 7 flows on sound propagation in real life. upwind direction due to the lack of turbulence scattering effect.
8
The PE method used CFD results as input to predict sound propagation with 9 evolving wake flows. CFD provides the detailed wake flows or velocity profiles that vary as propagation distance.
13
The current PE model used an apparent sound power level in which a point monopole 14 source is located at the rotor center and the octave band central power levels are used.
15
Although this is a standard practice in wind industry, it is a too simplified assumption. In Maeder (GE Global Research) for very useful input and discussion.
12
VII. Appendix
13
The starting pressure strength constant, S, can be obtained by the sound power level,
14
L W . The time-averaged sound intensity is written as,
The complex pressure amplitude with the constant S can be written as,
Then, the intensity can be expressed with the pressure term for plane waves 
